A physical modeling study of the effect of overburden pressure on anisotropic parameters was conducted using intrinsically orthorhombic phenolic boards as the model. These boards were coupled together with the help of a pressure device and uniaxial stress was gradually increased while time arrival and velocity measurements were repeated. Results show maximum increase in compressional and shear wave velocities ranging from 4% to 10% in different directions as a function of increasing uniaxial stress. Anisotropic parameter gamma generally diminished with increasing pressure and ranged from 0% to 33%. We observed anisotropic behavior attributable to both orthorhombic and VTI symmetries. Polar anisotropy behavior is due primarily to layering or bedding and tends to increase with pressure. Certain anisotropic parameters however unveil inherent orthotropic symmetry of phenolic.
Introduction
Studies of orthorhombic anisotropy are increasingly becoming essential, especially when many rocks are considered to have orthorhombic symmetry. This paper explores the effect of stimulated overburden pressure on group velocity, stiffness coefficients and anisotropic parameters ( and in a layered orthorhombic medium. The layered medium consists of 55 1.5mm thick phenolic slabs coupled together with the help of a pressure device. Phenolic CE is an industrial laminate with intrinsic orthorhombic symmetry. Scaled ultrasonic seismic measurements were taken in radial, sagittal and traverse directions on all block faces, travel times were picked directly from a digital oscilloscope and inverted for compressional and shear wave velocities as well as anisotropic parameters. Pressure was gradually increased while all measurements are repeated. The experiment was designed to stimulate earth-like anisotropic rocks buried in layers and so under the influence of pressure from overlying sediments. Previous measurements by Pervukhina and Dewhurst (2008) showed the relationship between anisotropic parameters and mean effective stress in transversely isotropic shale core samples. In this experiment, we extend a similar approach to a physical model of orthotropic symmetry. Our results show anisotropic behaviour ascribable to both orthorhombic symmetry and VTI symmetry due to layering. Anisotropic behavior attributable to polar anisotropy tends to increase with increasing uniaxial stress.
Experimental Set-Up
The 55 phenolic boards were bucked together by a pressure apparatus connected to a pressure gauge. The thickness of the phenolic boards ranged from 1.4mm to 1.7mm. Pressure was increased from 0.05MPa to 0.5MPa; in all, 7 sets of measurements were taken. 100 KHz compressional and shear transducers were used to ensure seismic wavelength was at least 10 times the thickness of each phenolic sheet. This was to ensure an effective seismic response from the whole model rather than scattering between layers. The source and receiver transducers were placed on opposing sides for a pulse transmission measurement. Direction of polarization of the shear transducer was varied from 0 0 to 180 0 and measurements were taken every 10 0 interval. In each case, 0 0 was shear polarization parallel to bedding plane and 90 0 was polarization perpendicular to bedding plane. Compressional and shear wave arrivals were picked directly from a 50 MHz digital oscilloscope and accuracy of picking was ± 0.02µs. The dimension of the model and thickness of the sheets are well known and controlled. Transducer response has also been well studied for directivity and delay time. Velocity measurements were taken in 4 directions, Z, X, Y and 45 0 angles (between Z and X). Z is the direction perpendicular to bedding plane. Signal scaling factor is 1:10000. All model construction as well as seismic measurements were carried out at the Allied Geophysical Laboratories in University of Houston. Figure 1 is a snapshot of the layered phenolic model and the pressure device used to ensure coupling and vary pressure. Prior to the commencement of seismic measurements, a strain test was conducted on the phenolic model to ascertain the amount of stress that can be applied on the model without material failure. A stress strain curve was thus computed and 7 different stress or pressure values were chosen for the purpose of this experiment. Figure 2 shows stress -strain curve for phenolic model. 
Results and Analysis
Figure 3 shows compressional wave velocities as a function of uniaxial stress (overburden pressure) in all measured directions. Not surprisingly, P-wave velocity increased with pressure in all measurements. This is due to a gradual closure of space between layers in the model. P-wave velocities appear to respond primarily to the effect of layering on the model rather than the intrinsic anisotropic effect of phenolic. Figure 4 shows fast and slow shear wave velocities in all principal directions (principal directions shown by Figure 1a ).
Figure 3: Compressional wave velocities as function of uniaxial stress in all measured directions. (P-wave velocity uncertainty is ± 0.15%)
Shear wave splitting can be observed in all principal directions and generally appears to decrease with increasing stress. Figure 4 is a shear wave seismogram in the Z direction (as a function of polarization angle) for different stress measurements. Notice the gradual decrease in arrival time for both fast and slow shear waves with increase in pressure. 
06MPa). (Polarization of fast shear wave is in the X Direction and slow shear wave polarization is in the Y Direction).
For propagation in the direction perpendicular to bedding (Figure 5c ), at maximum stress, delay between shear waves tends towards a minimum (Polarization of fast shear wave is in the X Direction and slow shear wave polarization is in the Y Direction). This behavior is typical of VTI symmetry. We can therefore infer that in this direction, this experiment does not reveal the orthotropic symmetry of phenolic.
Figure 5: Shear waves velocities as function of uniaxial stress. (a) And (b) are measurements taken in X and Y directions respectively (parallel to bedding plane and perpendicular to direction of stress) (c) measurements taken in Z direction (perpendicular to bedding plane and normal to direction of stress). (S-wave velocity uncertainty is ± 0.3%)
Measurement of compressional and shear wave anisotropies on all principal axis (and across axes) allow us to quantify the effect of pressure on the medium and thus adequately relate to earth-like anisotropies. The relationship between velocities and anisotropic parameters in transversely isotropic and orthorombic media is provided by Thomsen 1986 and Tsvankin 1997 respectively. P-wave anisotropy and shear wave anisotropy were computed using this relation. Figure 6 shows both  and as a function of uniaxial stress. In all principal directions, reduces with increasing pressure. Anisotropic parameter  is essentially a measure of the magnitude of shear wave splitting in each principal axes of a medium.  z tends towards zero at high pressure; again this is an indication of VTI symmetry. However  x and  y show traits that can be attributed to the intrinsic effect orthorhombic symmetry in phenolic. In a medium of polar anisotropy,  x =  y because there is only one axis of symmetry (Z direction). Stiffness coefficients were computed using model velocities derived from picked arrival times and densities. Figure 7 shows stiffness coefficients as a function of overburden pressure. P -wave velocity dependent elastic constants (C 11 , C 22 and C 33 ) increase with increasing pressure. figure, the shear wave dependent elastic constants (C 44 , C 55 and C 66 ) seem to remain unchanged. However, C 44 and C 55 tend to increase marginally in the limit of the experiment. 
Conclusion
This physical modeling study has investigated the effect of uniaxial stress on group velocity, elastic constants and anisotropic parameters in a layered intrinsically orthorhombic medium. Results show that the orthotropic nature of this particular composite is revealed only in certain directions and with certain anisotropy parameters. In particular, shear-wave splitting for propagation in the vertical direction (direction perpendicular to bedding) is low, and decreases with increasing pressure, approaching the degenerate case of polar anisotropy. Hence, the orthotropic nature of the composite is not revealed by a vertical shear-wave experiment, especially at high pressure.
